We suggest that CRO formation began after the early Middle Jurassic (172-180 Ma) collision of an exotic or fringing arc with North America and initiation of a new or reconfi gured east-dipping subduction zone. The data show that the CRO formed prior to the Late Jurassic Nevadan orogeny, probably by rapid forearc extension above a nascent subduction zone. We infer that CRO spreading ended with the collision of an oceanic spreading center ca. 164 Ma, coincident with the oldest high-grade blocks in the structurally underlying Franciscan assemblage. We further suggest that the "classic" Nevadan orogeny represents a response to spreading center collision, with shallow subduction of young lithosphere causing the initial compressional deformation and with a subsequent change in North American plate motion to rapid northward drift (J2 cusp) causing sinistral transpression and transtension in the Sierra foothills. These data are not consistent with models for Late Jurassic arc collision in the Sierra foothills or a back-arc origin for the CRO.
INTRODUCTION
The Coast Range ophiolite of California and the tectonically subjacent Franciscan assemblage have played a pivotal role in plate tectonic theory since its inception and even now are considered a paradigm for active margin processes (Dickinson, 1971; Ernst, 1970; Ingersoll et al., 1999) . Nonetheless, the origin of the Coast Range ophiolite (CRO) is still controversial, as is its relationship to the Franciscan assemblage (e.g., Dickinson et al., 1996; Godfrey and Klemperer, 1998; Saleeby, 1997) . Postulated origins include (1) formation at a Middle Jurassic equatorial midoceanic ridge followed by rapid northward transport and Late Jurassic accretion to North America (Hopson et al., 1997) ; (2) formation as back-arc basin crust behind a Middle Jurassic island arc that was sutured to the continental margin during the Late Jurassic Nevadan orogeny (Godfrey and Klemperer, 1998; Schweickert, 1997; Schweickert et al., 1984) ; and (3) formation by fore-arc rifting above an east-dipping, proto-Franciscan subduction zone during the Middle Jurassic, prior to the Nevadan orogeny (Shervais, 1990; Shervais and Kimbrough, 1985; Shervais et al., 2004; Stern and Bloomer, 1992) . There is abundant evidence for arc-related geochemical signatures in the CRO (Evarts et al., 1999; Giaramita et al., 1998;  B25443 page 2 of 21 Shervais, 1990; Shervais and Kimbrough, 1985) , but other data, such as sedimentary cover associations and seismic imaging of the continental margin, have been interpreted as support for the open ocean or back-arc basin models (e.g., Godfrey and Klemperer, 1998; Hull et al., 1993; Robertson, 1989) . Resolving this controversy is central to our understanding of the tectonic evolution of western North America during the Jurassic and to our understanding of how ophiolites form.
Much of this debate hinges on age relations within the CRO, and between the CRO, the Franciscan assemblage, and the Sierra Nevada foothills metamorphic belt. Previous work suggests that the CRO ranges in age from ca. 163 Ma at Point Sal to ca. 154 Ma at Del Puerto Canyon (Hopson et al., 1981) , although there is reason to believe the upper age limit may be even older . These ages for CRO formation are similar to the oldest age found for high-grade (amphibolite facies) metamorphism in the northern Franciscan assemblage, as determined by U-Pb isochron and 40 Ar/
39
Ar dating on high grade metamorphic blocks (Mattinson, 1986 (Mattinson, , 1988 Ross and Sharp, 1986; Ross and Sharp, 1988) , leading to the suggestion that high-grade metamorphic blocks in the Franciscan assemblage formed during subduction initiation beneath an existing back-arc basin ( =CRO) (Wakabayashi, 1990) .
Further, it has been suggested that radiolarian cherts deposited unconformably on top of the CRO document a hiatus of some 8-11 million years between ophiolite formation in the Middle Jurassic and deposition of overlying chert in the Late Jurassic (Oxfordian-Tithonian) Hopson et al., 1981; Pessagno et al., 2000) . This proposed hiatus is cited as primary evidence for an open-ocean origin to the CRO, far from any source of arc detritus or terrigenous sediment. However, there are two signifi cant problems with this suggestion: (1) Integration of the Jurassic time scale and standard ammonite zones is still in fl ux, with differences in the proposed ages for some stage boundaries of up to 15 million years between alternative time scales (see discussions in Gradstein et al., 1994; Palfy et al., 2000) ; and (2) major differences in the calibrations of different radiolarian zonations compound the time scale uncertainties pointed out above (Baumgartner et al., 1995a; Hull and Pessagno, 1995; Pessagno et al., 1993; Pessagno et al., 1987) .
In this paper, we present new radioisotopic age data for plutonic rocks of the Coast Range ophiolite in northern California and for unaltered volcanic glass from the Stonyford volcanic complex. We also present new biostratigraphic data for radiolarian cherts interbedded with volcanic rocks of the Stonyford volcanic complex.
For purposes of comparison between radioisotope and biostratigraphic ages, we use the recent Jurassic time scale of Palfy et al. (2000) and the radiolarian zonation of . Taken together with geochemical data for rocks of the ophiolite and their fi eld relations, these data allow us to construct a synthesis for the origin and evolution of the ophiolite, its relationship to high-grade metamorphism in the Franciscan assemblage, and the tectonic evolution of the western Cordillera during the Middle and Late Jurassic.
GEOLOGIC SETTING
The Mesozoic geology of California south of the Klamath Mountains comprises three main provinces, from east to west: The Sierra Nevada magmatic arc province, the Great Valley forearc province, and the Franciscan accretionary complex (Fig. 1) . The Sierra Nevada province consists of island arc volcanic, plutonic, and sedimentary rocks that range in age from Paleozoic to Late Cretaceous. Many of these rocks formed more or less in place along the western margin of North America; others in the Sierra Nevada Foothills metamorphic belt may represent exotic or fringing arc terranes that were welded to the continental margin during Late Jurassic or older collisions (Girty et al., 1995; Saleeby, 1983a; Schweickert et al., 1984) .
The Great Valley province represents a Late Jurassic through Cretaceous fore-arc basin that was underlain by the Coast Range ophiolite (e.g., Bailey et al., 1970) . The Great Valley Sequence consists largely of distal turbidites near its base, which become more proximal and more potassic upsection (Dickinson and Rich, 1972; Ingersoll, 1983; Linn et al., 1992) . The lower part of the Great Valley Sequence near Stonyford is Tithonian, based on the occurrence of Buchia piochii throughout the section (Brown, 1964a (Brown, , 1964b . Farther north, however, the basal Great Valley Sequence contains Buchia rugosa and a few specimens of Buchia with very fi ne ribs, transitional between B. concentrica and B. rugosa (Imlay, 1980; Jones, 1975) . Imlay (1980) dated the transitional interval as late Kimmeridgian to early Tithonian, though he favored the earlier range.
The Franciscan assemblage is a classic Mesozoic and Cenozoic accretionary complex characterized by a heterogenous mixture of lithologies and metamorphic grades. In the study area, it includes both strongly metamorphosed blueschist facies rocks in the Eastern belt, as well as true tectonic mélange in the Central belt (Bailey et al., 1964) . Volcanic-pelagic layers of oceanic crust incorporated into the Franciscan are as old as Early Jurassic, Pliensbachian (Murchey and Blake, 1993) , predating the Coast Range ophiolites. The oldest clastic rocks in the Franciscan slightly postdate the base of the Great Valley Sequence in northern California (Imlay, 1980) . Some high-grade metamorphic blocks in the Franciscan assemblage probably formed ca. 160-165 Ma (Mattinson, 1988) , but regional metamorphism of strata in the Eastern belt, including Valanginian metagraywacke, may have occurred in the late Early Cretaceous (115-120 Ma) (Blake and Jones, 1981) .
COAST RANGE OPHIOLITE
The Coast Range ophiolite in northern California is represented by a thin selvage of serpentinite matrix mélange along most of the boundary separating fore-arc sedimentary rocks of the Great Valley Sequence from blueschist facies metamorphic rocks of the Franciscan Eastern belt or shale-matrix mélange of the Franciscan Central belt. This boundary was originally interpreted as a fossil subduction zone ("the Coast Range thrust," e.g., Bailey et al., 1970) , but later work showed that this boundary may have been modifi ed by later low-angle detachment faults (Harms et al., 1992; Jayko et al., 1987; Platt, 1986) , out-of-sequence thrust faults (Ring and Brandon, 1994; Ring and Brandon, 1999) , and by east-vergent Neogene thrust faults (Glen, 1990; Unruh et al., 1995) . The current boundary is a complex high-angle fault that may have components of strike-slip, normal faulting, and reverse faulting.
There are two large ophiolite remnants preserved in the northern Coast Ranges west of the Sacramento Valley: The Elder Creek ophiolite and the Stonyford volcanic complex (Fig. 1) . Despite their close proximity (they are separated by only 60 km along strike) these remnants are distinctly different. The Elder Creek ophiolite is a "classic" ophiolite, with cumulate plutonic rocks and sheeted dike complex, while the Stonyford volcanic complex consists largely of volcanic rocks comprising a Jurassic seamount (Shervais and Hanan, 1989) . Detailed mapping of both areas, however, has shown that they are related and that both formed in the same tectonic association (Shervais et al., 2004) .
Elder Creek Ophiolite
The Elder Creek ophiolite is the one of the largest exposures of CRO in California and also the northernmost (Fig. 1) . The ophiolite is named for outcrops along the South, Middle, and North Forks of Elder Creek, which expose progressively deeper levels of the ophiolite from south to north (Fig. 2) . The Elder Creek ophiolite preserves most of the pseudostratigraphy associated with "true" ophiolites: Cumulate ultramafi c rocks, cumulate gabbro, isotropic gabbro, and sheeted dikes (Hopson et al., 1981; Shervais and Beaman, 1991; Shervais et al., 2004) . Prior to deposition of the Great Valley Sequence, most volcanic rocks were removed by erosion related to tectonic disruption on the seafl oor and redeposited as clasts within the overlying Crowfoot Point breccia Hopson et al., 1981; Robertson, 1990) .
Field relations and geochemistry of plutonic rocks show that the Elder Creek ophiolite formed from four magmatic episodes (Shervais, 2001; Shervais and Beaman, 1991; Shervais et al., 2004) . The fi rst magma series is represented by dunite, layered or foliated cumulate gabbro, isotropic gabbro, and a dike complex. The second magmatic episode consists of wehrlite and clinopyroxenite intrusions into the older layered complex, with less common isotropic gabbro and gabbro pegmatoid. The third magmatic episode comprises stocks and dikes of hornblende diorite and hornblende quartz diorite, with felsite dikes that are marginal to the quartz diorite plutons; rocks of this suite intrude all of the older lithologies. The diorite stocks commonly form magmatic breccias ("agmatites") with xenoliths of cumulate or foliated gabbro, dike complex, or volcanic rock in a quartz diorite matrix. The fourth magma series is represented by rare basaltic dikes that crosscut rocks of the older episodes. Geochemical data are consistent with formation of the fi rst three magma series in a suprasubduction zone (arc) environment; rare dikes of the fi nal magma series are characterized by MORB-like major and trace element compositions (Shervais, 2001; Shervais and Beaman, 1991; Shervais et al., 2004) .
Volcanic rocks are most commonly preserved as clasts in the Crowfoot Point breccia, a coarse, unsorted fault-scarp talus breccia that varies from <10 m to over 1000 m in thickness (Hopson et al., 1981; Robertson, 1990) . The Crowfoot Point breccia contains clasts of mafi c and felsic volcanic rocks, gabbro, pyroxenitewehrlite, and diorite. This unit was deposited on an eroded surface that cuts all other units of the ophiolite (from cumulate ultramafi cs through dike complex). Additional volcanic rocks crop out in fault-bounded blocks and in the dike complex. With the exception of the late, MORB-like dikes, all volcanic and hypabyssal rocks associated with the Elder Creek ophiolite are island arc tholeiite or calc-alkaline series basalts, andesites, or dacites (Shervais and Beaman, 1991) .
Felsic plutonic rocks crop out in two distinct associations: (1) As small (<2 m across) lenses intruded into the lower part of the dike complex, and (2) as large stocks and sills that intrude all other ophiolite lithologies. The fi rst association appears to represent residual magma related to the fi rst or second magma series; the second association forms the bulk of the third, calcalkaline magma series. Both associations were sampled for U-Pb zircon dating.
Stonyford Volcanic Complex
The Stonyford volcanic complex (SFVC) crops out ~60 km south of Elder Creek ophiolite, 
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in the low-lying hills surrounding the community of Stonyford (Fig. 1) . It was originally mapped by Brown (1964a) and later mapped in detail by Zoglman and Shervais (Zoglman, 1991; Zoglman and Shervais, 1991) . Contrary to our earlier suggestions that the SFVC might represent Franciscan assemblage volcanics tectonically transferred to the CRO serpentinite mélange (Shervais and Kimbrough, 1985; Shervais and Kimbrough, 1987) , our later work has shown that the SFVC formed as an integral part of the CRO and that it was never part of the subduction complex (Zoglman and Shervais, 1991) . The SFVC is also distinct from the St. Johns Mountain complex, which contains incipient blueschist facies metamorphism and is clearly within the Franciscan assemblage (MacPherson, 1983) .
The SFVC consists of four large blocks within sheared serpentinite-matrix mélange; the largest block is some 5 × 3 km in areal extent (Fig. 3) . The SFVC consists largely of pillow lava with subordinate sheet fl ows, diabase, and hyaloclastite breccia. The volcanic rocks are exceptionally fresh for the Coast Range ophiolite, as shown by the preservation of primary igneous plagioclase and clinopyroxene in most of the lavas and unaltered basaltic glass in many of the hyaloclastites (Shervais and Hanan, 1989; Shervais and Kimbrough, 1987; Zoglman and Shervais, 1991) . The hyaloclastite breccias, which represent submarine fi re fountain deposits, contain unaltered volcanic glass with relict phenocrysts of olivine, plagioclase, and chrome spinel (Shervais and Hanan, 1989) .
Volcanic rocks of the SFVC form three groups: (1) Enriched, oceanic tholeiite basalts, (2) transitional alkali basalts and glasses, and (3) high-alumina, low-Ti tholeiites (Shervais et al., 2004; Zoglman, 1991) . Pb isotopic data for the volcanic glasses are similar to Pacifi c oceanic basalts currently found in off-axis seamounts and associated with large ion lithophile elements-rich mantle plumes (Hanan et al., 1992) . The rare earth elements, trace element, and Pb data indicate that the oceanic tholeiites and alkali basalts were derived from a heterogeneous mantle source with at least two components: A depleted MORB-source asthenosphere and an enriched plumelike component (Hanan et al., 1992) . The high-Al, low-Ti basalts resemble second stage melts of a MORB asthenosphere source, which form by melting plagioclase lherzolite at low pressures; these lavas also resemble high-Al island arc basalts. The trace element and Pb systematics show an alkali basalt infl uence, which overprints generally depleted trace element characteristics (Hanan et al., 1992; Shervais et al., 2004; Zoglman and Shervais, 1991) .
Lensoid intercalations of red radiolarian chert and pink siliceous mudstone up to 1 km long and 50 m thick occur throughout the section (Fig. 3) . The cherts are typically Mn-rich and are commonly associated with hydrothermal alteration of the underlying basalts, suggesting that they formed in proximity to submarine hot springs. In places, typical ribbon cherts are interbedded with siliceous mudstones containing rip-up clasts of chert that were entrained while they were still soft. Both the ribbon cherts and the siliceous mudstones contain abundant well-preserved radiolarians.
Structural and stratigraphic relations show that, in general, the lavas and their sedimentary intercalations dip moderately to the northeast, and that they become younger to the northeast as well. Along the northern margin of the structurally largest block of SFVC radiolarian chert is overlain stratigraphically by a thick hyaloclastite layer containing unaltered volcanic glass (Fig. 3) . Dismembered remnants of CRO plutonic and volcanic rock, including dunite, wehrlite, clinopyroxenite, gabbro, diorite, quartz diorite, and keratophyre pillow lava, occur as blocks up to 200 m across within the serpentinite matrix mélange structurally beneath the SFVC. These blocks are identical to lithologies found farther north in the Elder Creek ophiolite. Quartz diorite occurs as individual blocks ranging in size from a few meters to several tens of meters and as dikes within mélange blocks of isotropic gabbro. Other tectonic blocks within the mélange include unmetamorphosed volcanogenic sandstones, foliated metasediments, and pale green metavolcanic rocks.
FRANCISCAN ASSEMBLAGE
The Franciscan assemblage in northern California consists of two primary units: The Eastern belt of high P/T metamorphic rocks and the structurally underlying Central Belt mélange (Blake et al., 1988 (Blake et al., 1988) . The Eastern belt is distinguished from the Central belt by the coherent nature of thrust sheets, its blueschist facies metamorphism, and its foliated textures. The Central belt of the Franciscan assemblage consists largely of mélange with a pervasively sheared matrix of mudstone and greywacke sandstone containing blocks and slabs of intact greywacke sandstone, greenstone, chert, and serpentinite (Berkland et al., 1972; Blake et al., 1982; Blake et al., 1989) . Some greywacke slabs are up to several km across; greenstone and (or) chert knockers are smaller but can also be tens of km in extent. Also common in the Central belt are high-grade blocks of blueschist, eclogite, amphibolite, and garnet amphibolite (Cloos, 1986; Moore, 1984) . These high-grade blocks refl ect polymetamorphism with initial high temperatures and low pressures followed by lower temperature and higher pressure metamorphism (Moore, 1984; Moore and Blake, 1989; Wakabayashi, 1990) .
PREVIOUS WORK
The northern CRO has received limited attention and there are few radioisotopic or biostratigraphic ages reported. Lanphere (1971) reported a K-Ar age of 154 ± 5* Ma for an isotropic hornblende gabbro dike in pyroxenite that is overlain unconformably by the Crowfoot Point breccia. He also reported ages of 162 ± 5* Ma and 164 ± 8* Ma for hornblendes from an isolated peridotite and an isotropic gabbro lens in the Del Puerto ophiolite (*note: These ages have been recomputed by (McDowell et al., 1984) using the new decay constants of Steiger and Jaeger, (1977) . McDowell et al. (1984) reported hornblende K-Ar ages for four CRO gabbros: Three from the Elder Creek area and one from Wilbur Springs. One Elder Creek hornblende has a reported age of 166 ± 3 Ma; the others are all ca. 143-144 ± 3 Ma (McDowell et al., 1984) . Hopson et al. (1981) (Hopson et al., 1981) ; none of these are isochron ages. In an abstract, Mattinson and Hopson (1992) Pessagno et al., 1993) and Mount Diablo (165 Ma, J.M. Mattinson, reported in Mankinen et al., 1991) . None of the dates reported since Hopson et al. (1981) (either in abstracts or as a personal commun.) have been published with supporting data, so it is not possible to evaluate their precision or accuracy.
Radiolarian biostratigraphic data from bedded chert at Elder Creek and Stonyford have been reported by Pessagno and Louvion-Trellu (Hopson et al., 1981; Louvion-Trellu, 1986; Pessagno, 1977) . All the of cherts sampled at Elder Creek are from mélange blocks in the Round Valley serpentinite mélange, including blocks of chert only and blocks with chert resting depositionally on basalt. Hopson et al. (1981) assigned radiolarians from the chert blocks to the upper part of 1977 Zone 1 (undifferentiated) of Pessagno, and they calibrated the faunas as Oxfordian to Kimmeridgian. The taxa listed by Hopson et al. (1981, p. 477 ) are all long ranging in the UA zonation of Baumgartner et al. (1995a, b) except for Parvicingula sp. C, a synonym of Praecaneta (Ristola) turpicula, which has a range from UA Zones 5-6, late Bajocian to Bathonian. In a subsequent study of the mélange (Louvion-Trellu, 1986), additional radiolarian faunas collected from the blocks were assigned ages of Callovian to early Oxfordian based primarily on European-based biostratigraphic calibrations. Radiolarians are also present in mudstone in the lower part of the Great Valley Sequence, which unconformably overlies the Elder Creek ophiolite (Pessagno, 1977) . The radiolarians occur with, and were calibrated by, the previously mentioned late Kimmeridgian or early Tithonian bivalves. Pessagno (1977) also documented the radiolarians from a sample near the "Diversion Dam" along Stony Creek in the Stonyford volcanic complex and assigned them to his 1977 Subzone 2B (equivalent to Zone 3 of Pessagno et al., 1993) , which he inferred to be early Tithonian (Pessagno, 1977) . The taxa from Diversion Dam locality are discussed and recalibrated below.
METHODS

U-Pb Zircon
Zircon was separated by conventional techniques using a Wilfl ey Table, heavy liquids, and a Franz magnetic separator. The least magnetic zircons from each sample were split into size fractions and then handpicked to remove any contaminating grains. Zircon dissolution and ion exchange chemistry for separation of uranium and lead followed procedures modifi ed from Krogh (1973) . Isotope ratios were measured with the MAT 261 multicollector instrument at UC Santa Barbara and the VG Sector 54 multicollector instrument at San Diego State University. Analytical uncertainties, blanks, and common lead corrections are outlined in Table 1 . Most of the samples yield concordant to near-concordant U/Pb dates that are interpreted to closely approximate crystallization ages. The relatively simple systematics for these samples is interpreted to refl ect the low metamorphic grade of the samples and negligible or absent inherited components of radiogenic lead.
40
Ar/ 39 Ar Samples of clear brown volcanic glass were crushed into equant grains in distilled water and then ultrasonically cleaned successively in 10% HCl and 7% HF for three minutes in each acid. Grains 1.0-2.0 mm in dimension were selected individually for high optical refl ectivity, freedom from inclusions and veins, and generally fresh appearance. Five to ten grains selected from each sample were irradiated in two batches for ~28 h each at Los Alamos National Laboratories' Omega West reactor, along with neutron fl uence monitor Fish Canyon sanidine (28.02 Ma; Renne et al., 1998) . Only G-2 glass (laboratory numbers 3524-1, −3, and −4) was irradiated in the fi rst batch, which used Cd shielding; all four glasses were co-irradiated in a second batch that did not use Cd shielding. Two individual grains of glass samples G-4, G-5, and G-8, and four of G-2, were incrementally degassed in 10-15 steps with an Ar-ion laser and analyzed for relative Ar isotopic abundances using the fully automated facilities and procedures described by Renne (1995) . Data are presented in Data Repository document DR-1.
1
Biostratigraphic
Radiolarian-bearing chert and siliceous mudstone were collected from several localities in the Stonyford volcanic complex. Radiolarians and siliceous sponge spicules were etched from surrounding rock matrices by bathing broken rock fragments in diluted hydrofl uoric acid (10% of ~50% concentrate), commonly for ~24 h, following procedures modifi ed from Dumitrica (1970) and Pessagno and Newport (1972) . Then the fossils were washed off the etched rock surfaces and collected on Tyler-equivalent 250-mesh (63 µm openings) and 80-mesh (180 µm openings) screens. The fossils were identifi ed based on examination with a binocular microscope. Selected specimens were also examined with a scanning electron microscope.
The radiolarian samples were dated using the Tethyan Unitary Association (UA) Zonation of Baumgartner et al. (1995a) , a widely utilized international standard that is calibrated with ammonites, nannofossils, and calpionellids. The zonation incorporates data on the ranges of more than 400 Jurassic and (or) Early Cretaceous radiolarian species from scores of stratigraphic sections around the world. For the Middle and Late Jurassic, the unitary association zones (UAZ) are numbered sequentially from oldest to youngest: Zones 1-13. All zonal assignments given in this study, even those restricted to a single UAZ, are indicated as a range, following the convention of the zonation.
Biostratigraphic correlations between the Stonyford sequence and other key sequences in California and Oregon were based on UAZ ranges as well as direct comparisons of local species ranges. Thus, the older Stonyford faunas were also correlated with radiolarian faunas in the Middle Jurassic Blue Mountains reference localities of Pessagno et al. (1987) , which are dated with ammonites. We relied heavily on the many excellent faunal descriptions of Pessagno and his colleagues for the basic data used in the interbasin correlations. However, we did not use the formal, event-based zonation of Pessagno et al. (1993 Pessagno et al. ( , 1987 for either correlation or age calibration. The formal zonation uses a relatively small number of biostratigraphic events, the fi rst or last occurrences of selected taxa, as marker ties; but we wanted to maximize the number of taxa used for correlation and thereby minimize the effects of range diachronism. In addition, although some zonal reference intervals for the Jurassic zonation of Pessagno et al. (1993 Pessagno et al. ( , 1987 are quite well calibrated, key reference intervals particularly relevant to this study have minimal direct molluscan control on the ammonite-based stage boundaries. Notes: Fractions: 100, 200, 325 = mesh sizes; bulk; L-HF leach; Fm-Frantz magnetic fraction. Separation of U and Pb was done using HCl column chemistry. Concentrations were determined using mixed 208Pb/235U and 205Pb/235U spikes. Lead isotopic compositions corrected for ~0.10% ± 0.05% per mass unit mass fractionation. Ages calculated with following decay constants: 1.55125E-10 = 238U and 9.8485E-10 = 235U. Present day 238U/235U = 137.88. Common lead corrections made using Stacey and Kramers (1975) model lead isotopic compositions. Total lead blanks averaged c. 20 picograms.
*Radiogenic Pb ratios.
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RESULTS
U-Pb Zircon Ages
Elder Creek Zircon was separated from two samples of quartz diorite collected from the Elder Creek ophiolite (Fig. 2) . Sample EC107-3 is a plagiogranite lens that intrudes sheeted dike complex along the South Fork of Elder Creek. Sample EC148-2 is from a ≈500-m-thick sill of hornblende quartz diorite that intrudes along the contact between isotropic gabbro and dike complex and crops out on the summit of Brush Mountain. As shown by Shervais and Beaman (1991) , quartz diorite sills similar to EC148-2 crosscut and intrude all other rock types in the Coast Range ophiolite at Elder Creek and represent the last arc-related magmatic event in the history of the ophiolite.
Zircon ages for these two samples are shown in Table 1 Pb ages ranging from 165 to 198 Ma. Concordia plots suggest crystallization ages of 169.7 ± 4.1 Ma for EC107-3 and 172.0 ± 4.0 Ma for EC148-2 (all errors are 2σ; Fig. 4 ). These ages are signifi cantly older than previous hornblende K-Ar dates from gabbro (154 ± 5 to 163 ± 5 Ma) (Lanphere, 1971; McDowell et al., 1984) , which we interpret here as cooling or Ar-loss ages. Two zircon fractions from EC-148 are discordant and have 207 Pb/ 206 Pb ages of 181 ± 1.5 and 198 ± 2.2 Ma, suggesting inheritance of an older zircon component, perhaps from a continental crustal source (c.f. Wright and Wyld, 1986) .
Stonyford
Zircon was separated from 3 samples of quartz diorite that occur as blocks within the serpentinite matrix mélange beneath the SFVC. Two of these samples are from discrete blocks, the third is from a dike within a block of isotropic gabbro. Sample SFV-109-2 is from a 30-cm-thick quartz diorite dike that crosscuts an isotropic gabbro block below Auk-Auk Ridge (Fig. 3) . SFV-141-1 is from a large (100 m) block of coarse-grained quartz diorite that crops out in Dry Creek. SFV-58-2 is from a small (4 m) block of strongly foliated quartz diorite that crops out in serpentinite mélange 400 m north of Dry Creek.
Zircon ages for these three samples are shown in Table 1. 207 Pb/ 206 Pb ages for the least discordant fractions range from 163 Ma to 173 Ma with a precision of ±1.5-4.1 Ma. Concordia intercept ages are 164.8 ± 4.8 Ma for SFV-109-2 and 163.5 ± 3.9 Ma for SFV-58-1 (Fig. 4) Pb ages of 177 ± 3.5 and 219 ± 2.7 Ma, suggesting inheritance of an older zircon component, perhaps from a continental crustal source (c.f. Wright and Wyld, 1986) . Similar results were obtained by Bickford and Day (2001) , who identifi ed the presence of ca. 2153 ± 1 Ma inherited zircon in plutons of the 164-160 Ma Smartville ophiolite.
40
Ar/ 39 Ar Glass Ages Apparent age spectra for replicate samples of glass from four distinct hyaloclastite units are shown in Figure 5 . Many of the age spectra are slightly discordant, with anomalously young ages from low temperature steps, but all yield plateaux of varying quality and precision. The mean ages for each unit are 164.4 ± 0.4 Ma (G-2), 164.0 ± 0.5 Ma (G-4), 163.8 ± 0.8 Ma (G-5), and 164.6 ± 0.7 Ma (G-8), calculated as the weighted mean of all plateau steps for each sample, and are all mutually indistinguishable at the 2σ level. The quality of the apparent age plateaux and the between-sample reproducibility are striking considering that glass is prone to open system behavior of both K and Ar (Cerling et al., 1985) . The consistency of high-precision plateau ages provides strong evidence that the K-Ar systems have not been disturbed beyond minor alteration, the effects of which are removed in low-temperature steps. Mobility of K and/or Ar is common in glasses, particularly those having suffered hydration (e.g., Cerling et al., 1985) , but the consistency of our data preclude such effects unless they were markedly homogeneous both within and between samples. Part of our success in dating these glasses stems from the ability to date individual small grains that could be selected according to stringent criteria for freedom from alteration.
It could be argued that the mean age of ca. 164 Ma for the glasses refl ects the age of an outgassing event that completely rejuvenated the K-Ar system in all the samples. While such a scenario cannot be completely excluded, we interpret the 40 Ar/ 39 Ar ages to refl ect eruption ages in view of their within-and between-sample reproducibility and their consistency with the Middle Jurassic age of associated radiolarian faunas.
Radiolarian Biostratigraphy, Stonyford Volcanic Complex
Red to green banded cherts and massive pink siliceous mudstones, forming lenses up to 50 m thick, crop out at several locations within the Stonyford volcanic complex. Radiolarian localities A, C, and DD lie within the central block of the complex; Locality B lies within the northern block (Fig. 3) . Taxonomic lists of the radiolarians in each locality are included in Figure 6 , along with the UA zonal range (Baumgartner et al., 1995a) for each group of samples.
The oldest Stonyford samples, collected at Locality A, are structurally below the hyaloclastic units that have yielded 40 Ar/
39
Ar glass ages of ca. 164 Ma. The section is divided herein into intervals A1, A2, and A3 (Fig. 6 ). Interval A1 is no older than UAZ 3 based on the presence of Mirifusus fragilis (UAZ 3-8), Acanthocircus suboblongus suboblongus (UAZ 3-11), Hsuum brevicostatum gp. (UAZ 3-11), and Saitoium sp. (UAZ 3-21). Intervals A2 and A3 are assigned to UAZ 6-6 based on the ranges of Praecaneta turpicula (UAZ 5-6), Spongocapsula palmerae (UAZ 6-13), and Xiphostylus (Xiphostylus gasquetensis gp.) (UAZ 1-6). As determined from the calibrations of the Tethyan UA zones, the lower part of the chert section at Locality A is Bajocian or Bathonian, and the upper part is Bathonian. Direct correlation between Locality A and ammonite-dated Middle Jurassic strata in the Blue Mountains of northeastern Oregon also favors a Bathonian age for the section (Fig. 7) based on the ranges in the Blue Mountains of Praecaneta turpicula (Bathonian), Praecaneta decora (Bathonian), Eucyrtidiellum unumaense pustulatum (Bathonian), Pantanellium ultrasincerum (Bathonian), Xiphostylus (forms with compressed tests) (Bajocian and Bathonian), Spongocapsula spp. (Bathonian and younger), Leugeo hexacubicus (sensu Baumgartner et al., 1995b, p. 296-297 ) (Bajocian to Callovian), Archaeodictyomitra spp. aff. A. suzukii (genus from late Bajocian), and Parahsuum offi cerense gp. (Bajocian) (Blome, 1984; Nagai and Mizutani, 1990; Pessagno and Blome, 1980; Pessagno et al., 1993; Pessagno and Whalen, 1982; Pessagno et al., 1989) . The good agreement in the results derived from two different calibration methods confi rms the previous conclusions of Murchey and Baumgartner (1995) that the calibrations of Middle Jurassic UA Zones 1-6 (Baumgartner et al., 1995a) compare well with ammonite-based calibrations for radiolarian sequences in the Pacifi c Northwest (Pessagno et al., 1987) .
Samples at Locality B are subdivided into three intervals, from oldest to youngest: B1, B2, and B3. The oldest sample, B1, is assigned a possible range of UAZ 3-8, calibrated as Bathonian to early Oxfordian. The zonal range is constrained by the lower and upper ranges of Mirifusus fragilis (UAZ 3-8) and the upper range of Turanta sp. (UAZ 1-8) . A poorly preserved specimen of probable Guexella nudata (UAZ 5-8) also was observed in this interval, B25443 page 9 of 21 The radiolarians collected at locality C are very similar to those at B3, but the samples also contain specimens herein assigned to Podobursa spinosa (UAZ 8-13), the basis for assigning this interval to UAZ 8-10, Callovian to earliest Kimmeridgian. However, closely related forms range down to at least UAZ 7 in the southern Coast Ranges (Hull, 1997; Hull and Pessagno, 1994) .
The Diversion Dam sample (locality D) collected by Pessagno (1977) is assigned to UAZ 9-10 based on the ranges of the following taxa that he reported (genus names updated): Mirifusus d. baileyi (UAZ 9-11), Tritrabs hayi (UAZ 3-10), Pseudocrucella sanfi lippoae (UAZ 7-10), and Transhsuum maxwelli (UAZ 3-10). Other reported taxa are listed in Figure 6 . We did not recollect this locality because the cherts here have been subjected to hydrothermal alteration, and many are altered to yellow-ochre, botryoidal jaspers. Assuming the taxonomic identifi cations in the 1977 report are still valid, this sample, which was originally calibrated as early Tithonian in age, is herein recalibrated as Oxfordian or early Kimmeridgian.
In summary, the eruptions of the Stonyford volcanic complex began in the Middle Jurassic, Bathonian, and continued into the early Late Jurassic, Oxfordian or early Kimmeridgian. Between eruptions, siliceous radiolarianrich strata accumulated slowly on basalt basement. Volcanic glass within the sequence of radiolarites and basalt yields dates of 164 Ma, as discussed previously.
DISCUSSION
Regional Biostratigraphic Correlations
The biostratigraphic succession in the Stonyford volcanic complex has parallels in sedimentary sequences overlying Jurassic ophiolites elsewhere in California (Fig. 7) . In the following discussion, the Stonyford biostratigraphic sequence is compared with radiolarian sequences overlying ophiolites in the southern Coast Ranges of California and overlying the Josephine ophiolite in the western Klamath Mountains (Fig. 1) . Our regional correlations are based on UAZ ranges supplemented by direct interbasin comparisons of local ranges such as the vertical distribution of Mirifusus species (Fig. 7) . Data Repository document DR-2 includes a technical discussion of UA zonal assignments shown in Figure 7 and discussed below.
Stanley Mountain Ophiolite, Southern Coast Ranges, California
At Alamo Creek near Stanley Mountain, 130 m of chert, tuffaceous chert, and mudstone overlie basalt of the Stanley Mountain ophiolite and underlie graywacke sandstone and siliceous shale of the Great Valley Supergroup. Radiolarians from the pelagic chert and mudstone unit and the lower 28 m of the Great Valley have been well described and documented (Hull, 1995 (Hull, , 1997 Pessagno, 1977; Pessagno et al., 1984) . We have used the published faunal lists to assign UAZ ranges to the composite section. Based on UAZ ranges, the lower part of the section is Middle Jurassic in age, the upper part is Late Jurassic (Fig. 7) .
The radiolarians in the basal 27 m of the Stanley Mountain section are poorly preserved, and the age range of the interval is poorly constrained. Yet, such a thickness of pelagic chert and mudstone can represent millions of years of deposition. Eucyrtidiellum ptyctum (UAZ 5-11) in the 3.8 m horizon indicates that it is no older than UAZ 5 (late Bajocian or early Bathonian). Mirifusus dianae dianae (UAZ 7-12) constrains the maximimum age of the 21 m horizon as no older than UAZ 7 (late Bathonian or early Callovian). A well-described radiolarian fauna at 27.1 m is no younger than UAZ 7. Based on the calibrations of the UA Zonation of Baumgartner et al. (1995a) , the lower part of the Stanley Mountain section may be late Palfy et al. (2000) . The boundary between strata of Middle and Late Jurassic age lies within the interval between 28 and 62 m above basalt basement. A sample 45.6 m above basalt basement has a possible range of UAZ 7-8. UAZ 8 is calibrated as middle Callovian to early Oxfordian. The 62 m horizon is no older than UAZ 9 (middle to late Oxfordian) because it contains Mirifusus dianae baileyi (UAZ 9-11). The pelagic interval between 80 and 104 m above basement is assigned a range of UAZ 10-10 (late Oxfordian to early Kimmeridgian) while the uppermost part of the tuffaceous pelagic section and the lowermost part of the clastic Great Valley Supergroup are constrained as no younger than UAZ 12 (early to early late Tithonian). The lower part of the Great Valley in this geographic area contains the late Tithonian ammonite Micracanthoceras and bivalve Buchia piochii (Hull, 1997) . Hull and Pessagno (1995) illustrated signifi cant differences arising from calibrations based on the UA Zonation of Baumgartner et al. (1995a) and their own calibrations based on the zonation of Pessagno et al. (1993) . The most important difference is that Pessagno et al. (1993) considered the 21 m to 27.1 m interval at Stanley Mountain to be Late Jurassic in age, middle Oxfordian. In our opinion, their calibration is not tightly constrained (see Data Repository document DR-2 discussion). Pessagno et al. (1993, p. 113) arbitrarily assigned all the underlying pelagic strata in the Stanley Mountain section to the middle Oxfordian as well, which led them to conclude that a proposed hiatus between the base of the sedimentary section and underlying basalt spanned 8-11 million years (Dickinson et al., 1996; Pessagno et al., 2000) . In contrast, the UAZ calibrations shrink the possible duration of a basal hiatus to a few million years, if any.
The Stonyford samples collected at localities B2, B3, and C correlate best with the 21-60 m interval of the Stanley Mountain composite section (Fig. 7) . Intervals A1-A3 at Stonyford also have many taxa in common with the welldescribed Stanley Mountain fauna collected at 27.1 m but may be a bit older. Accordingly, we very tentatively correlated the A1-A3 interval with the poorly described lower 20 m at Stanley Mountain based solely on their respective UAZ ranges. The Stonyford Diversion Dam (DD) site correlates best with the upper part (from 62 m) of the Stanley Mountain section. Like the Stonyford sequence, the middle of the Stanley Mountain section (62 m) records a change in faunal character that Pessagno et al. (1984) and Hull (1995) partly characterized as an increase in the relative abundance of Praeparvicingula and Parvicingula. According to Hull (1995 Hull ( , 1997 , there is a hiatus immediately below the beginning of this event at Stanley Mountain.
Point Sal Ophiolite, Southern Coast Ranges
At Point Sal, along the southern California coast, a 21 m condensed sequence of tuffaceous pelagic chert overlies pillow basalt of the Point Sal ophiolite. The UAZ ranges assigned herein are based on published taxonomic lists , Appendix, p. 1105 -1106 Pessagno, 1977; Pessagno et al., 1984) (Fig. 7) . The poorly preserved base of the Point Sal section cannot be calibrated more precisely than UAZ 5-8 (late Bajocian to early Oxfordian). The middle part of the section (~11.5 m to 13.4 m) is no older than UAZ 8 nor younger than UAZ 9, a range calibrated as no older than middle Callovian nor younger than late Oxfordian. The upper part of the section could be as young as early Tithonian. A more complete discussion is found in Data Repository document DR-2.
Intervals A and B1 at Stonyford are correlative with and (or) older than the oldest, poorly preserved and poorly constrained samples at Point Sal. Intervals B2, B3, and C at Stonyford correlate best with the 10-12 m interval at Point Sal based primarily on the ranges of Mirifusus guadalupensis, M. d. dianae (M. mediodilatatus) , Transhsuum maxwelli, and Podobursa spinosa in both. The Diversion Dam sample of Pessagno (1977) at Stonyford correlates best with the upper part of the Point Sal section. In the Point Sal section, an increase in Praeparvicingula spp. and related taxa at ~10 m (UAZ 7-8) (Pessagno et al., 1984 ) parallels a similar trend in the previously described sections (Fig. 7) .
Josephine Ophiolite, Western Klamath Mountains, Northern California and Oregon
The Josephine ophiolite complex of the Western Klamath Mountains of Oregon and California formed at approximately the same time as, or slightly later than, the ophiolites of the California Coast Ranges. Zircon Pb ages for the Josephine ophiolite range from 162 ± 1 Ma (162 +7/-2 Ma; recalculated by Palfy et al., 2000) to 164 ± 1 Ma (Devils Elbow ophiolite) (Wright and Wyld, 1986) Ar ages are 160 ± 2.5 Ma, 164.5 ± 5 Ma, and 165.3 ± 5 Ma (Harper et al., 1994 ; includes two ages from Devils Elbow ophiolite). The Josephine ophiolite probably formed by rifting within an older Mesozoic accretionary complex along the margin of North America (Harper et al., 1994) . Unlike the ophiolites of the Coast Ranges, the Josephine ophiolite complex was profoundly affected by Late Jurassic deformation, burial, and metamorphism.
The Josephine ophiolite is overlain locally by radiolarian-bearing strata. Pessagno et al. (1993) described the radiolarian stratigraphy of a 95 m sequence along the Middle Fork of the Smith River in California (Fig. 7) . The lower half of the section is predominantly fi ne-grained siliceous mudstone and chert with admixed tuffaceous material; the upper half of the section is a metagraywacke and mudstone unit. Pessagno et al. (1993) also described the radiolarians in a few chert samples interbedded with basalt at the Turner-Albright mine in Oregon, near the California border (not included in Fig. 7) . Baumgartner et al. (1995b) subsequently assigned UA Zones to the faunas. The tuffaceous pelagic strata at both localities are Middle Jurassic. Baumgartner et al. (1995b) calibrated chert interbedded with basalt at the Turner-Albright Mine as Bajocian (UAZ 3-4), and an argument can be made that the range can be further constrained to UAZ 4-4 (late Bajocian) (see Data Repository document DR-2). In the Smith River section, the pelagic interval from 4.1 to 13 m above the basalt is constrained only as having a possible range of UAZ 3-6/7 (Bajocian to early Callovian); the pelagic interval between 13 and 46 m is herein assigned a possible range of UAZ 6-6/7 (middle Bathonian to early Callovian). These direct, radiolarian-based calibrations are much older than the previous isotope-based, time-scale-dependent calibrations of Pessagno et al. (1993) (see Data Repository document DR-2 discussion). The UAZ ranges for the upper, metagraywacke and mudstone unit of the Smith River section are imprecise and only loosely constrain the middle part of the interval as no older than Callovian or early Oxfordian (UAZ 8) nor younger than late Oxfordian or early Kimmeridgian (UAZ 10). These ranges bracket Pessagno et al.'s (1993) previous interpretation of a middle Oxfordian age for the clastic and hemipelagic interval. A more complete discussion of the published age calibrations is included in Data Repository document DR-2.
The radiolarian faunas in intervals A1-A3 and B1 at Stonyford correlate best with the radiolarians in the lower 45 m of tuffaceous chert and mudstone of the Smith River sequence (Fig. 7) . Stonyford interval A3 correlates particularly well with the Smith River section between 19 and 22 m. Intervals B2, B3, and C at Stonyford B25443 page 14 of 21 correlate best with the upper part of the Smith River measured section. The Diversion Dam fauna at Stonyford may be the same age as or younger than the uppermost part of the Smith River sequence. Data Repository document DR-2 contains an expanded discussion of the correlations. As previously noted in the description of the Stonyford section, a pronounced faunal change occurs between the B1 and B2 intervals. A similar faunal change occurs in the Smith River section, near the top of the pelagic section, where Pessagno et al. (1993) noted the disappearance of pantanellid spumellarians and an infl ux of the nassellarian Praeparvicingula.
Signifi cance of Biostratigraphic Correlations
Our recorrelation of fi ve key Jurassic sections in California and Oregon (Fig. 7) reveal a common history of concurrent late Middle Jurassic pelagic or hemipelagic and volcaniclastic sedimentation and parallel patterns of faunal turnover that began slightly earlier in the northern sections. Two of the sequences, the Blue Mountains and Smith River sections, formed in arcrelated settings: The former as part of a longlived island-arc complex (Pessagno and Blome, 1986) , the latter as an ophiolite-fl oored rift basin in an older accretionary complex (Harper et al., 1994) . The similarities between their histories and those of the CRO basins counter two arguments that the ophiolite basins of the Coast Ranges formed in an environment unrelated to the Blue Mountains and Smith River sections: The fi rst based on a proposed multi-million year hiatus following the creation of the ophiolites and the second based on proposed syntectonic northeastward transport across hundreds of kilometers of the eastern Pacifi c toward North America (Dickinson et al., 1996; Pessagno et al., 2000) . Hopson et al. (in Dickinson et al., 1996) and Pessagno et al. (2000) proposed that the Middle Jurassic Coast Range ophiolites formed at a spreading ridge far from the North American margin and that no pelagic sediments accumulated above the ophiolites for 8-10 million years until plate motions carried the sites into the depositional apron of an active Late Jurassic volcanic arc. The Middle Jurassic UAZ ranges for the Stonyford and Stanley Mountain sedimentary sequences and the ca. 164 Ma 40 Ar/ 39 Ar dates on the interleaved hyaloclastites at Stonyford eliminate the argument for a major, multi-million year hiatus at the base of the pelagic sequences and indicate that the ophiolites originated near the sources of the volcanic detritus in overlying sedimentary strata. Hopson et al. (in Dickinson et al., 1996) and Pessagno et al. (2000) also proposed that the Middle Jurassic Coast Ranges ophiolites formed near the equator, remained at low latitudes until the Late Jurassic, and were then transported rapidly northward relative to North America. The faunal turnovers within the sections were used as evidence for northward-directed changes in paleolatitude, following the model of Pessagno and Blome (1986) . The age calibrations and interbasin correlations in this study lead us to different conclusions. As previously discussed, a distinct faunal change occurs within each of the fi ve sections in Figure 7 . In the Stonyford section we describe it as a shift from relatively smallsized, polytaxic radiolarian faunas to very robust, oligotaxic, nassellarian-dominated faunas that include Praeparvicingula. For other sections, Pessagno and Blome (1986) , who fi rst noted the phenomenon, characterized the changes as a transition from faunas with abundant pantanellids to faunas with abundant Praeparvicingula or Parvicingula s.s. They observed that the two parvicingulid genera are common at high paleolatitudes and are also commonly associated with megafossils that may have preferred cool temperatures. In the Bathonian, Praeparvicingula increased in relative abundance in the Blue Mountains sequence in Oregon (Pessagno and Blome, 1986) , and its range began to expand southward, reaching the basins of the southern Coast Range ophiolites by the Callovian or Oxfordian (Fig. 7) . By the Kimmeridgian and Tithonian, Praeparvicingula or Parvicingula s.s. were a component of virtually all eastern Pacifi c faunas from high latitudes such as Antarctica to low latitudes of central Mexico and the future Caribbean plate (Kiessling, 1999; Murchey and Hagstrum, 1997) .
The parallelism of the faunal changes in the fi ve sections illustrated in Figure 7 favors a common cause or set of causes. The two most likely causes are major paleoceanographic change and (or) the northward migration of the North American plate. The Jurassic break up of Pangea and creation of new oceans must have changed circulation patterns and climate, which may account for the southward expansion of the range of Praeparvicingula and the evolution of the even more elongated Praeparvicingula s.s. If, for example, a strong, invigorated, and relatively cool eastern boundary current developed in response to plate reorganization, it might have carried the taxa southward. At the same time, North America moved rapidly northward following the breakup, which would have carried associated marginal basins to higher latitudes. Pessagno and Blome's (1986) basic hypothesis, that north-directed plate motions caused syndepositional faunal changes, may be grossly correct if the fi ve basin sequences illustrated in Figure 7 all formed along the North American margin and moved northward in unison. However, no compelling evidence supports linked corollary hypotheses that the Coast Ranges, Josephine, and Blue Mountains basins moved northward (1) relative to North America, (2) at different times during the Jurassic, and (3) in trajectories unrelated to the motions of one another (Pessagno et al., 1993; Pessagno and Blome, 1986; Pessagno et al., 2000) -neither plate motion models, paleomagnetic studies (Hagstrum and Murchey, 1996; Murchey and Hagstrum, 1997) , nor the recorrelations in this study.
In summary, the early paleontologic and sedimentary histories of the Stonyford Volcanic Complex, Stanley Mountain ophiolite, and Point Sal ophiolite favor Middle Jurassic origins (1) near sources of volcanic detritus, (2) probably in proximity to coastal currents, and (3) probably traveling with the North American plate in tandem with the basins of the Blue Mountains arc complex and Josephine ophiolite complex. The Coast Range ophiolite basins persisted as pelagic depocenters into the early Late Jurassic, even as syntectonic clastic detritus prograded across the Sierra Nevada foothills terranes and collapsing Josephine ophiolite basins during the initial phase of the Nevadan orogeny.
Signifi cance of Radioisotopic and Biostratigraphic Ages, Stonyford Volcanic Complex
40
Ar/
39
Ar plateau ages for basalt glasses from four distinct localities within the Stonyford volcanic complex indicate that they erupted over a relatively short period of time ca. 164 Ma. These age determinations are consistent with the occurrence of Middle and Middle to Late Jurassic radiolarians in sedimentary layers intercalated with the volcanic rocks. This age overlaps previously determined U/Pb zircon ages for plagiogranites from the CRO elsewhere (e.g., Hopson et al., 1981 ), but appears to be slightly younger than ages determined here for late quartz diorite intrusions that now occur as blocks in serpentinite mélange (166) (167) (168) (169) (170) (171) (172) Ar system, uncertainties related to decay constants and standards are on the order of 2%, meaning that the real accuracy of the data reported herein is ~3-4 m.y. (Min et al., 2000; Renne et al., 1998) . Similarly, the large effects (~4 m.y. in the Middle Jurassic) of U decay constant errors on both 207 Pb/ 206 Pb and concordia-intercept ages (Ludwig, 2000) limit the absolute accuracy of ages determined by these means. Within such limits, the Stonyford 40 Ar/ 39 Ar ages are probably indistinguishable from all but the oldest of the above mentioned U/Pb-based ages.
The Stonyford data and the inferred structural relationships cast doubt on the validity of K-Ar ages younger than 165 Ma obtained on high-level hornblende gabbros (Lanphere, 1971; McDowell et al., 1984) as crystallization ages. It is probable that the younger K-Ar dates represent cooling ages, argon loss, or alteration artifacts, and that formation of the ophiolite was complete by ca. 164 Ma, shortly before or during eruption of the SFVC. Mattinson and Hopson (1992) have revised U-Pb zircon dates of plagiogranites from Coast Range ophiolite localities south of San Francisco, with newer data showing that most plagiogranites crystallized 165-170 Ma-consistent with the results presented here.
The age relationships presented here are consistent with the idea that the Stonyford volcanic complex was built on a substrate of "oceanic" crust represented by the older Coast Range ophiolite assemblage. This idea is supported by three independent lines of evidence.
(1) The high-Al, low-Ti basalt suite at Stonyford resembles island arc basalts similar to those found elsewhere in the Coast Range ophiolite (e.g., Shervais, 1990; Shervais and Kimbrough, 1985) in their major element characteristics, but have trace element characteristics that suggest addition of an enriched component to a depleted source region (for example, La/Sm n ratios ranging from 0.34 to 1.78). High-Al, low-Ti basalts are found interbedded with ocean island tholeiites and alkali basalts at all stratigraphic levels of the volcanic complex, which requires that the depleted, arclike source of the high-Al basalts and the plume-enriched source of the tholeiitic and alkali basalts were physically contiguous (Zoglman and Shervais, 1991) . Note that highAl, low-Ti basalts are not found in ocean island basalt suites of the Franciscan assemblage, which contain almost exclusively ocean island tholeiites and alkali basalts (MacPherson, 1983; MacPherson et al., 1990; Shervais, 1990; Shervais and Kimbrough, 1987) .
(2) Based on the radiolarian assemblages, eruption of the SFVC was concurrent with deposition of the volcano-pelagic section (tuffaceous chert) on top of the CRO at localities in the southern Coast Ranges, e.g., Pt. Sal, Stanley Mountain (see discussion in previous section). Thus, eruption of the SFVC must have postdated formation of the main ophiolite at these localities-consistent with the results of our new, high-precision U-Pb zircon dates. Pessagno (in Hopson et al., 1981) (3) Radiolarian faunas in cherts and mudstones deposited within the Stonyford volcanic complex and on top of the Coast Range ophiolite at other locations (e.g., Pt. Sal, Stanley Mountain) show a similar vertical progression from polytaxic assemblages of relatively small radiolarians to oligotaxic assemblages of large, thick-walled species dominated by nassellarians. This implies that the Stonyford volcanic complex and the Coast Range ophiolite underwent similar changes in oceanographic environment or paleolatitude and argues against formation of the Stonyford complex in a location distant from the Coast Range ophiolite (see discussion in previous section).
Taken together, the evidence suggests that the Stonyford volcanic complex was built on a substrate of "normal" Coast Range ophiolite after most suprasubduction zone magmatism came to an end in the northern CRO, but possibly concurrent with "stage 3" ophiolite magmatism (Shervais, 2001) in the Diablo Range. Shervais (2001; Shervais et al., 2004) has proposed that eruption of the SFVC corresponds to a ridgesubduction event in the northern CRO, based on the geochemistry of the SFVC and of late MORB dikes that intrude the Elder Creek ophiolite. This interpretation is supported by a Jurassic reversal in the younging directions of ocean crustal fragments successively incorporated into the Franciscan and Klamath Mountains accretionary complexes, a phenomenon that Blake (1992, 1993) ascribed to arrival of an oceanic spreading ridge along the margin in the Middle to early Late Jurassic (Fig. 8) . The age data presented here suggest that this event occurred ca. 160-164 Ma in the northern CRO, although it may have been later in the Diablo Range.
Timing of Ophiolite Formation and Associated Tectonic Events
Late Early to Early Middle Jurassic Arc Collision or Collapse (175-185 Ma) and the Formation of a Nascent Subduction Zone (ca. 172 Ma) Wright and Fahan (1988) were among the fi rst to show that orogenesis in the Jurassic was not confi ned to a singular event in the Late Jurassic "Nevadan orogeny." They were able to document 
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that many structures attributed to the Nevadan orogeny in previous studies are in fact Middle Jurassic in age and must have formed during an earlier orogenic event, termed the "Siskiyou event" in the Klamaths (Coleman et al., 1988; Hacker et al., 1995) . The Siskiyou event in the Klamaths postdates the ca. 172-169 Ma Western Hayfork arc and predates the ca. 164-159 Ma Wooley Creek plutonic belt (Renne and Scott, 1988) . Thus, Siskiyou compressional deformation (post-169, pre-164 Ma) was coincident with extension that formed the Coast Range ophiolite. Siskiyou compression was followed by regional extension ca. 167-155 Ma, also overlapping in part formation of the Coast Range ophiolite (Hacker et al., 1995) .
Work in the Sierra Nevada foothills has documented the importance of an older, early Middle Jurassic event in the Sierra Nevada arc realm (e.g., Edelman et al., 1989a; Edelman and Sharp, 1989; Girty et al., 1995; Saleeby, 1990; Saleeby et al., 1989 
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older wallrock of the Smartville complex; Fig. 9 ). The Peñon Blanco arc has been dated at 196-200 Ma (Saleeby, 1982) and is underlain by fault-bounded garnet amphibolites dated at 178 ± 3 Ma by 40 Ar/
39
Ar (Sharp, 1988) . The Fiddle Creek complex, a chert-argillite assemblage that sits on ophiolitic mélange and ranges in age from Late Triassic to possibly early Middle Jurassic, is deformed by these same structures (Edelman et al., 1989b) . The Red Ant schist, a lawsonite-bearing blueschist that has been overprinted by pumpellyite-actinolite assemblages (Edelman et al., 1989b; Hacker, 1993) , has been dated by K-Ar as ≈174 Ma (Schweickert et al., 1980) ; this is considered a minimum age for metamorphism. The Calaveras complex comprises a chert-argillite terrane with volcanic inclusions that has been interpreted as a Late Triassic-Early Jurassic accretionary complex; it is intruded by a postkinematic pluton dated at 177 Ma (Edelman et al., 1989b; Schweickert et al., 1988; Sharp, 1988) . The Calaveras and Shoo Fly complexes are juxtaposed along a west-vergent thrust fault that is dated at 176 ± 3 by 40 Ar/
Ar on synkinematic amphibolites, and is cut by a ≈166 Ma postkinematic pluton (Sharp, 1988) . The Fiddle Creek, Red Ant, and Calaveras complexes all lie in-board (east) of the Late Triassic-Early Jurassic arc complexes of the Foothills metamorphic belt.
The most conservative interpretation of these data is that the late Early Jurassic to early Middle Jurassic deformation discussed above corresponds to the collapse of a fringing arc terrane or collision of an exotic arc terrane, against the margin of North America in the early Middle Jurassic, forming the Foothills suture (Edelman et al., 1989a; Edelman et al., 1989b; Edelman and Sharp, 1989; Girty et al., 1995; Hacker, 1993; Saleeby, 1983b Saleeby, , 1990 Saleeby et al., 1989; Sharp, 1988) . This island arc, the Foothills arc terrane, may have formed above a west-dipping subduction zone prior to the ca. 174-185 Ma collision, but inherited zircons in the Slate Creek complex suggest an origin proximal to the continental margin (Bickford and Day, 2001) .
Our data show that formation of the CRO in California began shortly after the early Middle Jurassic deformation event documented in the Sierra Nevada foothills at 174-185 Ma (Fig. 9) . We propose that formation of the CRO coincided with the establishment of a new or newly reorganized, east-dipping subduction zone beneath the amalgamated Sierran terranes around ≈172 Ma (Fig. 10) . Formation of the CRO above this nascent subduction zone probably proceeded in response to sinking of the back-arc basin crust and rapid extension of the nascent fore-arc region into the gap created by roll back of the subduction hinge (Kimbrough and Moore, 2003; Shervais, 2001; Shervais et al., 2004; Stern and Bloomer, 1992) .
The suggestion of a zircon component with Pb inherited from old continental crust, seen here and in the essentially coeval Josephine/Devils Elbow ophiolite (Wright and Wyld, 1986) and Smartville ophiolite (Bickford and Day, 2001) , implies that ophiolite formation was linked to the continental margin. Bickford and Day (2001) conclude that the Proterozoic inherited zircon component they identifi ed in the Smartville plutons was derived from the underlying Shoo Fly complex, and that both the Smartville ophiolite and the older Slate Creek complex formed proximal to the continental margin. (Mattinson, 1988) that is, coincident with the postulated ridge collision event in the northern CRO. We suggest that the Franciscan high-grade blocks formed in response to the elevated thermal gradients caused by ridge collision. The high grade blocks are too young to have formed during subduction initiation, as proposed by Wakabayashi (1990) , which we have interpreted to be at least 172 Ma or older, based on the oldest CRO dates. As noted by Wakabayashi (1990) , 10-12 million years after the initiation of subduction, the hanging wall lithosphere would be too cold to form high-grade amphibolites and garnet amphibolites by heating from above. The problem of subduction zone refrigeration has been noted in other ophiolites as well (e.g., Hacker and Gnos, 1997) . The high grade blocks represent a signifi cant thermal event that requires high thermal fl ux at the base of the ophiolite, which we believe could only be provided by collision with an active spreading ridge at the time required.
Ridge Collision and the Late Jurassic Nevadan Orogeny (155 ± 5 Ma)
The classic Nevadan orogeny was a Late Jurassic contractional event that folded, faulted, and metamorphosed strata as young as the Oxfordian to early Kimmeridgian (?) age Mariposa Formation, a probable syntectonic fl ysch deposit in the foothills of the Sierra Nevada. Radioisotopic dates on Nevadan structures date deformation ca. 155 ± 5 Ma (Schweickert et al., 1984; Tobisch et al., 1989) . This event is now generally believed to postdate suturing of the eastern and western arc terranes of the Sierra Nevada (Edelman and Sharp, 1989; Saleeby, 1982 Saleeby, , 1983a Saleeby et al., 1989; Tobisch et al., 1989) , and therefore the Nevadan orogeny cannot represent an arc-arc or arc-continent collision, as proposed previously.
The main phase of Late Jurassic contractional deformation in the Sierra Nevada began shortly after the ridge collision event, which occurred ca. 160-164 Ma in the northern CRO. We propose a direct tectonic link between the ridge collision event and the Nevadan orogeny (Fig. 9) . Ridge collision will result in shallow underthrusting of the buoyant subducting oceanic lithosphere (e.g., Cloos, 1993) , heating of the superjacent lithosphere, and a likely change in relative convergence directions (e.g., from direct convergence to strike-slip, transpression, or transtension). This is essentially the same conclusion reached by Murchey and Blake (1992; . Cloos (1993, page 733) Ward (1995) analyzed long-term cyclical changes in the style, composition, and location of magmatism along North America and concurrent changes in inferred plate motions of North America relative to ocean plates and noted parallels between Miocene and Jurassic events. Jurassic subduction rates along North America varied in response to changes in plate motions and convergence. Both relative and absolute plate motions changed signifi cantly at the beginning of the Late Jurassic-coincident with the ridge subduction event postulated here and just prior to the Nevadan orogeny. Plate motion studies (Engebretson et al., 1985; May et al., 1989; Ward, 1995) and structural analysis of the Foothills terrane (Tobisch et al., 1989) both show a change from relative convergence between North America and plates of the Pacifi c basin in the Middle Jurassic to left lateral transpression (in the upper plate) during the early Late Jurassic. Using these lines of evidence, which are distinct from those of Murchey and Blake (1993) or Shervais (2001) , Ward (1995) also concluded that an ocean spreading ridge arrived along the margin in the late Middle Jurassic and speculated that Great Valley basement might be analagous to the Gulf of California.
Initial shortening during the Nevadan orogeny can be attributed to shallow subduction of the young, buoyant oceanic lithosphere (Fig. 10) . The change from contractional to ductile shear deformation documented by Tobisch et al. (Tobisch et al., 1989) in the Foothills terrane during the latest Jurassic and Early Cretaceous (that is, post-Nevadan) is consistent with the onset of left lateral strike-slip motion within the arc terrane predicted by the ridge collision model. Prior to this transpressional deformation (Saleeby, 1978; Saleeby, 1981; Saleeby, 1982) , the dominant stress was transtensional, as documented by dike swarms in the Sierra foothills and in the eastern Sierras (Owens Mountain and Independence dike swarms; Fig. 9 ) (Wolf and Saleeby, 1992; Wolf and Saleeby, 1995) .
CONCLUSIONS
New high precision U/Pb zircon dates from the northern Coast Range ophiolite show that ophiolite formation began before ≈172 Ma and was largely complete by ≈164 Ma. These ages postdate the Toarcian to Aalenian (185-174 Ma) collision of an exotic or fringing arc to the Cordilleran margin. We propose that ophiolite forma tion began in response to this collision during the establishment of a nascent, east-dipping, proto-Franciscan subduction zone, as proposed by Stern and Bloomer (1992) and Shervais (1990 Shervais ( , 2001 .
New high precision 40 Ar/
39
Ar laser fusion dates on unaltered samples of volcanic glass from the Stonyford volcanic complex show that it formed during a brief interval of eruption ca. 164 Ma, shortly after completion of ophiolite formation and just prior to the onset of "main phase" Nevadan deformation in the Sierra foothills (e.g., Tobisch et al., 1989) . This time period corresponds to the ages of high-grade amphibolite and garnet amphibolite blocks in the Franciscan assemblage (Mattinson, 1988; Ross and Sharp, 1988) and shortly precedes a change in plate motion for North America from slow westward drift to rapid northward motion (May et al., 1989; Ward, 1995) . It is roughly bracketed by a reversal in the younging polarity of ocean crustal fragments in accreted terranes of the Klamaths (westward younging through the Early Jurassic) and the Franciscan (eastward younging from Late Jurassic to mid-Cretaceous; Blake, 1992, 1993) . Taken together with fi eld and geochemical observations in the SFVC and at Elder Creek, these data are interpreted to require collision with and/or subduction of a major oceanic spreading ridge axis (Shervais et al., 2004) .
Radiolarians from cherts and siliceous mudstones intercalated within the Stonyford volcanic complex are correlative with those found in cherts that overlie the Coast Range ophiolite in the southern Coast Ranges. The radiolarians in the SFVC range in age from Bathonian (Unitary Association Zone 6-6 of Baumgartner et al., 1995a) near the base of the complex to late Callovian to early Kimmeridgian (Unitary Association Zones 8-10) in the upper part. The Stonyford cherts are interbedded with hyaloclastite breccias containing volcanic glass that we have dated at ≈164 Ma, using high precision 40 Ar/
Ar laser-heating methods applied to carefully selected samples. These data show that, contrary to the interpretations of Pessagno and coworkers (Hopson et al., 1997; Hull et al., 1993; Pessagno et al., 1987; Pessagno et al., 2000) , we see no evidence of a major depositional hiatus following formation of the ophiolite and thus no requirement that it formed in the open ocean far from its current location. Further, the recorrelations presented here support the idea that parallel turnovers in the character of the radiolarian assemblages in the basins of the CRO, the Josephine ophiolite, and the Blue Mountains arc, occurring slightly later in the southern basins, refl ect a shared history of oceanographic change such as the expansion of cool coastal currents and (or) synchronized plate motion trajectories rather than a separate history for the CRO relative to North America.
We propose that this ridge collision event was the driving force behind the classic, Late Jurassic Nevadan orogeny. The resulting change in relative and absolute plate motions is recorded in deformation fabrics and dike swarms in the Sierras (Tobisch et al., 1989; Wolf and Saleeby, 1992; Wolf and Saleeby, 1995) ; subsequent ductile deformation in the Sierra foothills (Tobisch et al., 1989) resulted from sinistral transpression following this event.
All of the events described here are consistent with the model for suprasubduction zone ophiolite formation published by Shervais (2001) . This model proposes that suprasubduction zone ophiolites form in response to hinge retreat in nascent or newly reorganized subduction zones, and that they display a consistent life cycle as the subduction zone matures. The fi nal stage of ophiolite formation typically involves subduction of an active spreading center, as observed in the CRO.
The data presented here also show that the problem of ophiolite genesis cannot be resolved in isolation, without consideration of the tectonic evolution of the entire orogenic system of which it is part. Further, it is not possible to understand the evolution of an orogenic system without a clear understanding of the ophiolites found within it.
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